In the course of the last 500,000 years, the Neandertal lineage was the first human group to extensively colonize the middle latitudes of western Eurasia up to 55
Introduction
The Neandertal lineage represents a human clade that separated from the one leading to extant humans about 1631 half a million years ago [20] . To date, it is exclusively documented in Eurasia; the Mediterranean seems to have played a crucial role in the segregation of the two clades. Although humans are documented in Eurasia since at least 1.7 my BP [37] , the colonisation of the middle and high latitudes resulted from a long process. The few well-demonstrated sites of European Early Pleistocene human occupation are thus far only found in the Mediterranean area. With the exception of earlier brief episodes related to warmer climatic conditions [29] , the Neandertal lineage was the first to colonise northern temperate latitudes, up to 55 • N, in a wide range of environmental settings. The exact limits of their range are difficult to outline, due not only to differences in site preservation but also to research history and intensity. These differences apply especially to their eastern limits, which have recently moved 2000 kilometers eastward, as a result of new genetic analysis of morphologically unidentifiable fossil skeletal remains [24] . The majority of their fossils have been unearthed in the westernmost parts of their range, but current views of 'core' and 'marginal' areas in their distribution may change through future fieldwork in Asia. Distribution maps like those published by Krause et al. [24] are coarse-grained palimpsests, compounding many phases of range expansion and contraction on maps that give only a rough approximation of the former distribution of the species. Within these rough limits, Neandertal presence must have varied, from continuous presence in some limited areas up to periodical excursions into many others, with total abandonment when environmental conditions deteriorated. This 'ebb and flow' of occupation has been well documented in the westernmost part of the Neandertal world, where more than one and a half centuries of multidisciplinary studies of the fossil and archaeological record have created a rich database on Neandertal presence and absence, especially detailed for the Late Pleistocene, i.e. from MIS 5e to MIS 3. The record from this time range is very rich in northern France, where large-scale excavations over the last three decades have uncovered more than 50 late Middle Palaeolithic sites between the valleys of the Somme and Meuse rivers.
Neandertal sites are usually retrieved from sediments deposited in cool to cold environments. This should not come as a surprise, as 95% of the last 0.5 my witnessed colder conditions than the present day ones, with the exceptions of the interglacials MIS11 and MIS 5e. Partly because of this climatic environment and partly because of limited technological ways to respond to thermic stress, known postcranial Neandertal remains are generally interpreted as demonstrating cold-adapted body proportions [19, 44] . However, data from northwestern Europe show that Neandertals were able to adapt to a wide range of environments, from full interglacial conditions such as at Caours (France) [2] and from the present excavations at Neumark-Nord (Germany) [14] to significantly colder contexts, as at Beauvais and Hénin-sur-Cojeul (France) [26] . Meanwhile, Neandertals are absent in most of northwestern Europe at the peak of glacial events. The archaeological record shows important hiatuses in the presence of Middle Palaeolithic hominins, especially during the pleniglacial climatic conditions of MIS 4 (as well as for earlier colder periods, e.g. MIS 6), which cannot be explained by taphonomic processes, as these are the periods with the highest rate of loess formation, and hence the best preservation potential.
The standard explanation for this distribution pattern is that contraction of the habitable areas would have led to the displacement of Neandertal populations into refuges, which are usually inferred to have been in the "South". Middle Palaeolithic hominins would have tracked their preferred habitats, 'overwintered' the cold climatic conditions in southern areas, and recolonised the northern plains when environmental conditions ameliorated. This 'ebb and flow' of populations would explain the great richness of Neandertal fossils in the south. For example, in France the majority of the 56 Late Pleistocene Neandertal specimens were found in the southern half [28] . More importantly, archaeological data from southern France, and specifically from Aquitaine, suggest that there was always a hominin presence between approximately 350 and 35 ka, in glacial as well as interglacial settings [48] . And this pattern survived into the last glacial maximum, after anatomically modern humans replaced the Neandertals in Europe [4] .
For the colder phases of the glacial-interglacial cycles, we have indications that large parts of the Neandertal range in northern Europe were deserted, with Neandertals maintaining core populations in the south. However, one can question the evidence for the 'ebb and flow' pattern of Neandertal peopling with northern Neandertals moving southward to refuges, from which the north was colonised again. What are the arguments for such two-way hominin traffic, caused by expansion and contraction of available territory? If, for argument's sake, we assume that the south harboured refuge areas, were the southern regions accessible for the northern populations? After all, there were already Neandertals living in the south. Here we suggest that it is worthwhile to investigate an alternative hypothesis to the habitat tracking model: northern populations may simply have gone extinct.
Neandertal ecology and demographic pattern
Recent advances in the understanding of Neandertal ecology provide us with some arguments to test the two alternatives. Neandertals were large-bodied hominins with an average body mass surpassing that observed in most recent human populations. Even when compared to Palaeolithic modern Europeans, the estimated lean body mass of Neandertals is, on average, about 10 to 13 kg above the body mass of early and late Upper Palaeolithic humans [38] . Their bodies displayed pronounced musculature and varying levels of postcranial robusticity, especially high in the upper part of the body and in relation to manipulation activities [45] . This postcranial robusticity is related to a high level of activity generating intense biomechanical stress [8] , but likely also partly related to Neandertals' adaptation to colder environments [31] . The Neandertals' large body mass and ecogeographical niche resulted in a costly body requiring a high basal metabolic rate (BMR). In addition, experimental studies and modeling show that their stockier proportions and shorter limbs implied a high energetic cost for mobility through the landscape, making food acquisition more costly [43, 53] . Various computations have been produced to estimate their BMR and their daily energy expenditure (DEE) [1, 7, 41, 42] . These estimates are always higher than those observed in recent hunter-gatherer populations. Churchill [7] estimates the Neandertal DEE between 3500 and 5000 kcal per day, widely above the DEE for extant recent hunter-gatherers from the circumpolar regions, which range between 3000 to 4000 kcal per day for males [42] . On top of the regular DEE, the energetic costs for growth and reproduction may have been significantly higher than the extant values. Because of the larger body size of the offspring, female Neandertals' energy requirements for reproduction (gestation and lactation) must have been relatively high compared to Upper Paleolithic and more recent humans. For the offspring itself, energy requirements for growth after weaning must have been higher due to larger body size and to likely faster growth [33, 40] ; these requirements must have been fulfilled by the group.
These high energetic costs have a number of consequences regarding Neandertal ecology. Zooarchaeology provides us with the picture of efficient and flexible hunters mostly preying on large mammals with little exploitation of small game in most sites. Neandertals primarily relied on animal meat and on fat for their daily subsistence, and isotopic studies reinforce this picture [34] . In the middle latitudes, the proteins consumed by Neandertals were overwhelmingly of animal origin during cold periods as well as during the last interglacial [3] .
Neandertals therefore appear to be highly carnivorous and at the top of the continental trophic chain.
Another possible consequence of their high DEE is their high residential mobility. Following Verpoorte [49] , MacDonald et al. [27] have argued that because of the combination of a high DEE (at least 10% higher than that of Upper Palaeolithic modern humans), which included higher locomotion costs, Neandertals had a comparatively reduced effective foraging radius compared to Upper Palaeolithic modern humans. In a central-place foraging model, this radius is defined as the distance from a residential camp to the foraging patch at which the required amount of energy is equal to the net return of resources at that distance [49] . A shorter effective foraging radius implies a shorter occupation time per site and hence a higher residential mobility. According to MacDonald et al. [27] , this may at least partly explain the low level of investment in on-site structures in the European Middle Palaeolithic.
All of these parameters also suggest that Neandertal population density must have been very low, including in the so-called refugial zones such as southwestern France, where a continuous occupation is observed. One expects Mousterian population densities in Europe to have been significantly lower than those of Upper Palaeolithic modern humans. In addition to purely biological and ecological factors previously exposed here, technological differences between the two periods have to be taken into account. Attempts have been made to estimate European population size by combining the archaeological evidence for the character of occupation and modern densities of hunter-gatherers in temperate to cold latitudes. Such estimates obviously depend on a large number of assumptions, but their heuristic value is unambiguous. For the Upper Palaeolithic, BocquetAppel et al. [5] estimate that from the Aurignacian to the Glacial Maximum, the European metapopulation remained in a positive quasi-stationary state, with about 4400-5900 inhabitants (95% confidence interval (CI 95%): 1700-37,700 inhabitants). Estimates for the Mousterian are also predictably very low. With the size of the foraging area per group of 25 individuals around 80-100 km in diameter as suggested by the pattern of raw material transportation, Richter [36] computed the likely population size between 470 and 750 for the 'Mousterian of Acheulean tradition' distribution and between 1240 and 1940 for the MIS 3 Central European Micoquian.
Neandertals were costly organisms and top carnivores for which the carrying capacity of the environment was limited. It is therefore unlikely that refuge zones could have accommodated sizable intrusive groups during periods of climatic deterioration that caused depopulation of northwestern Europe. Rather than resulting in an 'ebb and flow' movement of Neandertal populations tracking their preferred habitats, the periodic reduction of available areas could have instead led to an alternation of periods of extinction of northern populations and recolonisation of the northern areas by populations from the south. After each extinction in the north, a non-random sample of Neandertals survived in the south, and it was this population that produced the colonisers of the north once conditions improved. If this hypothesis [20, 22] is correct, contraction of the available areas would have been accompanied by significant reduction of Neandertal population size. Repeated regional extinction of Neandertal populations would have led to repeated genetic bottlenecks. The two hypotheses, habitat tracking and regional extinction, allow a series of predictions that can be tested or discussed in the light of three sources of evidence: the archaeological record, Neandertal palaeogenetics and animal models.
The archaeological evidence for population movements
The archaeological record contains unambiguous data relating to the presence and absence of Neandertals in specific parts of their range, with an especially rich record in the west. As mentioned above, data gathered there show that Middle Palaeolithic Neandertals deserted the northern parts of their range during the colder parts of the last glacial cycle. The signal from more southern parts of Europe, such as the Aquitaine basin, suggests that Neandertals were there on a continuous basis, both in interglacial as well in glacial periods [48] . In fact, the largest number of sites there date to MIS 6 and MIS 4, but that could to some degree be a result of more favourable sedimentation processes in the colder periods of the glacial-interglacial cycles.
Raw material transport data as well as recent strontium isotope studies [35] have informed us about the distances covered by Neandertals. Occasionally stone artefacts were transported over very large distances, in both western and central Europe up to a few hundred kilometers [39] , but these observations relate to very exceptional finds [12] . More importantly here, while both types of evidence relate to 'movements' of Neandertals, they do not allow us to discriminate between the two hypotheses.
Another piece of evidence consists of an observation made by various workers [10, 46] for the late Middle Palaeolithic record of northwestern Europe. There, in the beginning of the last glacial period, one observes lithic assemblages different from the 'usual' Middle Palaeolithic in this area. They are characterized by a developed blade technology, with lames à crêtes and core tablets. The earliest traces of this technology are found at Seclin (northern France), where they have TL ages of approximately 80-100 ka [47] . Other sites with this kind of typical blade technology are Bettencourt and Fresnoy-en-Val, likewise dating to MIS 5 [25] . With the occupational hiatus of MIS4 this technology disappears completely in northern France, nor does one find evidence of it further south at the fringe or within the Aquitanian basin. It did not resurface with the recolonisation of these northern areas after MIS 4, thought to have been accomplished by bearers of other 'cultural traditions' [10] . The prominent presence of Levallois points in Early Weichselian (MIS 5) assemblages here likewise ends with the Lower Pleniglacial (MIS 4) occupational hiatus [15] . Although not conclusive, these observations do not support the habitat tracking model.
The paleogenetic evidence
The "regional extinction" model has implications for the Neandertal genetic pool. Considering the low level of population density in Europe until the end of the last glacial maximum [5] , regional extinctions in the less favourable areas during climatic crisis would have resulted in genetic bottlenecks and, as proposed by one of us [20] , in significant genetic drift episodes.
The study of Neandertal mitochondrial DNA (mtDNA) brings some support to the notion that Neandertal metapopulation suffered genetic bottlenecks. Effective population size and genetic variability are low in extant humans when compared to those observed in most living species of great apes, a puzzling finding given our much larger population size [13, 23] . However, Neandertals show an even lower genetic diversity when compared to Homo sapiens as a whole. Estimates based on mean pair differences (MPD) within the mtDNA HVRI suggested that Neandertals (MPD = 5.5) had an effective population size similar to that of modern Europeans (MPD = 4.0) or Asians (MPD = 6.3), but lower than that of modern Africans (MPD = 8.1) [24] . The recent publication of the complete mtDNA sequence [16] provides more evidence that purifying selection in the Neandertal mtDNA was reduced compared to other primate lineages, and that they had an effective population size smaller than that of modern humans. Furthermore, when the easternmost Neandertal mtDNA sequences from Teshik Tash (Uzbekistan) and Okladnikov (southern Siberia) are compared to those of other Neandertals in the Caucasus and in western Europe, the Teshik Tash mtDNA sequence seems to be more closely related to the mtDNA sequence from Scladina (Belgium) in western Europe than to the sequence from Okladnikov mtDNA [24] . More Neandertal mtDNA sequences will be necessary to shed light on this pattern. However, the lack of deep mtDNA divergence between central Asian Neandertals and western European ones suggests a short time of separation and a recent colonisation or recolonisation of the easternmost parts of the Neandertal range (contra [11] ).
The likelihood of narrower genetic bottlenecks in Neandertals is also supported by phenetic analysis. Weaver et al. [54] used a series of statistical tests based on 37 standard cranial measurements from a sample of 2524 modern humans from 30 populations, and 20 Neandertal fossils. Results of modern human cranial measurements were compared to those in a genetic dataset consisting of 377 microsatellites typed for a sample of 1056 modern humans from 52 populations. The role of stabilizing selection in the two groups, and the importance of selection in the diversification of behavioural, physiological, or other morphological features (especially in relation with climatic adaptation) cannot be dismissed. However the results of these tests lead to the conclusion that, regarding cranial morphology, genetic drift is the most strongly supported explanation for the differences between Neandertal and modern human lineages that rapidly accumulated through time.
Animal models
The pattern of low genetic diversity seen in Neandertals is also found in other carnivores in Europe. Although recent intense hunting is sometimes considered a possible cause for regional low genetic diversity [17] , a similar pattern is observed in all of northern Europe. Little or no mtDNA variability and low to moderate microsatellite variability are observed in otters, wolves, wolverines and lynxes in northern Europe [6, 17, 52] . This is most likely explained as the result of the expansion out of one southern refuge at the end of the last glacial maximum and of a subsequent bottleneck. The only northern species of carnivore that displays to some extent a higher level of genetic diversity is the brown bear [51] . This 'bear case' is interpreted as the result of two separate waves of recolonisation after the last glacial maximum. One started from a Spanish refuge and another from eastern Europe, the two meeting and forming a hybrid zone in Scandinavia [18] .
Alopex lagopus, the arctic fox, provides us with the reverse example, as it is a species currently limited to Scandinavia and northern Siberia, but with a considerable southern range of expansion during the colder conditions of MIS 2. In this case, palaeogenetics allow us to observe the result of a dramatic contraction of their habitat, possibly somewhat analogous to the Neandertals case discussed above, though in an opposite direction. The question is whether the populations outside of the extant Holocene refuges -including final Pleistocene specimens from Magdalenian sites in the German Rhineland -contributed to the genetic composition of the current population. The results of an ancient mitochondrial DNA study by Dalén et al. [9] demonstrate that the arctic fox became extinct in mid-latitude Europe at the end of the Pleistocene and did not track its habitat when it shifted to the north. The populations that survived in Scandinavia and Siberia represent a distinct genetic lineage.
Discussion and conclusion
The straightforward view of two-way traffic of ancient hominin populations does not fit with what we have come to know about the ecology of Neandertals, with the palaeogenetic and comparative evidence nor, to a lesser degree, with their archaeological record. The Neandertal lineage has a deep ancestry, as indicated by genetic studies as well as by the study of their fossil record. With the first substantial occupation of temperate Pleistocene Eurasia from the Middle Pleistocene onward, the pattern of regional extinction and recolonisation sketched here may have become an important demographic factor in the history of humankind, possibly for the first time at such a large scale. Further refining and testing the hypotheses sketched here will only be possible by integrating the data produced by the various disciplines that study the development of the human niche. For the time being, the hypothesis of regional extinction is difficult to fully demonstrate. In effect, the importance of both processes, habitat tracking and regional extinctions, may have varied between regions of the Eurasian continent, or have co-occurred in combinations dictated by a wide variety of factors. However, in light of the available evidence, regional extinction of populations exposed to environmental degradation was likely the main mechanism at work in Eurasia during the Pleistocene climatic cycles and the subsequent fluctuations of Neandertal metapopulation size. Primarily because Neandertals were top carnivores requiring a large territory per unit, their presence seems to have been characterized by a very low density and a chronologically discontinuous occupation, except in some limited areas. Indeed the pattern of their low genetic variability is reminiscent of those observed in other species of large carnivores in the same latitudinal range. Although Neandertals could adapt to varied environments, it is not until the expansion of modern humans to the high latitudes that ominins were able to colonize arctic environments [30, 32] . The presence of modern humans in northern environments must also be characterized as highly 'discontinuous', with major parts of their northern ranges being deserted around the Last Glacial Maximum [50] . However, their biological and cultural adaptations may have set less severe constraints on their range limits than was the case with Neandertals.
The 'regional extinctions' hypothesis discussed here has strong implications in terms of Neandertal evolutionary mechanisms. It explains their low genetic diversity and the importance of drift in the course of their evolution. Rather than the usually envisaged 'ebb and flow' of Neandertal occupation, repeated phases of regional extinction and subsequent colonisation may have been an important demographic factor in the emergence and subsequent development of the Neandertal lineage, including its final demise [21] .
